Symbiotic ectomycorrhizal fungi have received increasing attention as regulators of below-ground organic matter storage. They are proposed to promote organic matter accumulation by suppressing saprotrophs, but have also been suggested to play an active role in decomposition themselves. Here we show that exclusion of tree roots and associated ectomycorrhizal fungi in a boreal forest increased decomposition of surface litter by 11% by alleviating nitrogen limitation of saprotrophs-a "Gadgil effect". At the same time, root exclusion decreased Mn-peroxidase activity in the deeper mor layer by 91%. Our results show that ectomycorrhizal fungi may hamper short-term litter decomposition, but also support a crucial role of ectomycorrhizal fungi in driving long-term organic matter oxidation. These observations stress the importance of ectomycorrhizal fungi in regulation of below-ground organic matter accumulation. By different mechanisms they may either hamper or stimulate decomposition, depending upon stage of decomposition and location in the soil profile.
Introduction
Global meta-analyses [1, 2] have indicated that forests dominated by ectomycorrhizal associations tend to accumulate more organic matter below ground than other forests. A commonly proposed explanation is that ectomycorrhizal fungi retard decomposition by competing with free-living saprotrophs for nitrogen (N) [1, 3] . This idea has its origin in a well-known experiment, in which exclusion of living roots and associated mycorrhizal fungi by trenching was shown to elevate litter decomposition rates [4] -a phenomenon referred to as the 'Gadgil effect'.
Reduction in soil respiration in the presence of ectomycorrhizal fungi was recently demonstrated in temperate Tsuga forest [5] . In boreal Pinus/Picea forest, dominance of ectomycorrhizal fungi over saprotrophs was related to hampered organic matter decomposition and larger belowground stocks [6] . However, stimulatory effects of ectomycorrhizal roots on soil respiration [7, 8] and enzyme activities [9] have also been observed, and ectomycorrhizal proliferation has been connected to lower below-ground carbon (C) storage [7, 10, 11] . A review of previous assessments [12] concluded that the 'Gadgil effect' is variable and inconsistent across systems.
Boreal forests represent a globally important sink for atmospheric C, and the bulk of the C sequestered in terrestrial ecosystems is stored below ground [13] . The magnitude of the below-ground C sink does not reflect ecosystem primary productivity but is largely regulated by the rate of organic matter decomposition in the rooting zone [14, 15] . Boreal forests are characterised by an often thick, purely organic layer overlying the mineral soil. The organic layer may be subdivided into an uppermost litter layer (L), with recognisable plant remains, a layer containing fragmented litter components (F), and a deeper humus layer (H), consisting of well-decomposed organic matter (Table 1) . Plant roots inhabit the lower part (F + H = the mor layer) of the organic profile, and have, together with mycorrhizal fungal mycelium, been found to make a major contribution to long-term accumulation of organic matter [14] .
The mor layer of coniferous forests is relatively N poor and commonly colonised by diverse fungal communities. Fungal:bacterial ratios are usually higher than in other ecosystems [16] . Soil macrofauna, such as anecic earthworms, are largely absent in the acidic mor, and the low degree of physical disturbance enables accumulation of dense fungal communities, potentially leading to intense interference competition between fungal individuals, species and functional guilds. Agaricomycetes (i.e., "mushroom forming fungi") often constitute a significant proportion of the total fungal communities in boreal forest soils [17] , presumably favoured by their unique capacity to produce potent oxidative enzymes necessary to exploit the lignin-rich needle litter [18] . Many Agaricomycetes commonly build large and long-lived mycelia and compete intensely for space and resources, congruent with a categorisation as C-strategists [17, 19] .
Agaricomycete communities in boreal forest soils contain both free-living, saprotrophic genera, such as Mycena, and ectomycorrhizal genera, notably Cortinarius, Piloderma and Russula. The two functional guilds usually occupy distinct vertical niches. Saprotrophs predominantly colonise recently fallen, cellulose-rich litter components closer to the surface, whereas mycorrhizal fungi obtain sugars directly from their symbiotic plant partner and proliferate in the deeper, more decomposed and cellulosedepleted mor layer, which has the highest density of roots [10, 17, 20] . A field experiment involving vertical transplantation of litter components showed that guild separation depended only partly on substrate preferences, and that antagonistic competition for soil space also played an important role [21] , supporting previous observations of antagonism between saprotrophic and ectomycorrhizal Agaricomycetes in laboratory microcosms [22, 23] . Saprotrophic Agaricomycetes depend on upward reallocation of limiting N to efficiently decompose the N-poor needle litter [24] , but antagonistic ectomycorrhizal fungi may prevent them accessing the deeper, more N-rich layers of the mor. As roots and mycorrhizal fungi continuously deposit new organic matter below ground, hampered decomposition due to exclusion of saprotrophs from the rooting zone may result in net accumulation of organic matter and a persistent ecosystem C sink in the mor [6, 14] .
We tested the 'Gadgil hypothesis' in a trenching experiment in a mixed coniferous forest in central Sweden (Fig. 1) , aiming to exclude symbiotic mycorrhizal fungi from 1 m 2 forest plots, and studied short-term (1 year) and longer-term (4 years) effects on decomposition in the organic horizon. We followed vertical redistribution of N pools by stable isotope analysis, to test the hypothesis that removal of ectomycorrhizal competition for 15 N-enriched pools deeper in the profile would lead to upward reallocation into the 15 N-depleted litter layer [25] and accelerate litter decomposition. We conducted detailed vertical profiling of fungal communities, using DNA-based metabarcoding, to test the hypothesis that exclusion of living roots and ectomycorrhizal fungi would lead to a general stimulation and downward proliferation of saprotrophic Agaricomycetes [6, 26] . We also investigated long-term decomposition in the mor layer by measuring activities of enzymes involved in decomposition of plant-and fungal 
Methods

Field experiment
The experiment was set up in a mixed boreal [29] . Eight trenched plots and eight control plots were distributed within an area of 1 ha. Trenching was performed by digging a ditch around the plot using an excavator. Plots were kept as undisturbed as possible and covered by a protective plastic sheet during trenching. Steel barriers were thereafter inserted around the plots to a depth of 0.7 m to isolate them from surrounding tree roots, and the trenches were refilled (Fig. 1) . Sensors (Em50 data loggers, 5TM sensors, Decagon Devices, Pullman, USA) were inserted to a depth of 7 cm into the organic horizon of each plot, recording temperature and moisture once per hour from August to December, 2011. Four soil cores (2.7 cm in diameter, to a depth of 10 cm) per plot were collected in October 2010 (1 year after trenching), and four additional soil cores were collected in October 2013 (4 years after trenching). Soil cores were kept intact in the plastic corers and stored at −20°C. After thawing, each core was divided into six depth layers according to Table 1 . Materials from each layer were pooled within each plot and year and mixed by hand, resulting in six composite samples per plot and year (2 times × 2 treatments × 6 layers × 8 replicates = 192 samples). All samples were weighed, and subsamples were kept at −20°C for enzyme analyses (4 years samples only), determination of water content by oven-drying at 60°C for 12 h and analysis of organic matter content by loss-on-ignition at 550°C for 6 h. The remaining material was freeze-dried for DNA extraction as well as ergosterol and δ 15 N (1 year samples only) analyses. Prior to DNA analysis, roots larger than 2 mm in diameter were removed, and mor samples were milled to powder using a pestle and mortar, whereas litter samples were ground in a ball mill. For some samples, there was insufficient material available for all analyses. The number of replicates for each analysis-treatment-horizon combination is specified in Table S1 .
Litter decomposition assay
Four mesh bags (10 × 2.5 cm) of 50 μm-pore size polyamide mesh (Sintab Produkt AB, Oxie, Sweden) were inserted horizontally in each plot below the mosses in June 2011. Each bag was filled with 2 g of pine litter (intact brown needles, picked from the ground and dried). In October 2011 (after 4 months incubation, two years after trenching), two mesh bags per plot were harvested, and in October 2012 (after 16 months incubation, 3 years after trenching) the remaining two bags were retrieved. Needle weight loss was recorded after freeze-drying, and the bag content was ground in a ball mill.
Sequencing of fungal communities
Fungal community composition was assessed by extraction of DNA and metabarcoding of ITS2 amplicons according to the protocol of ref. [30] . Approximately 50 mg of each organic layer from each plot (both harvests) was used for DNA extraction using the NucleoSpin Soil Genomic DNA extraction kit (Macherey-Nagel, Düren, Germany). Extracts were subjected to PCR-amplification of ITS2 markers with the primer combination ITS4a (consisting of 2/3 of the general eukaryote primer ITS4: CCTCCGCTTATTGA-TATGC [31] , and 1/3 of primer CCTCGCCTTATTGA-TATGC, modified to cover Archaeorhizomycetes) and gITS7: GTGARTCATCGARTCTTTG [32] . Both primers were elongated by a unique sample-tag of nine and ten bases, respectively, designed using Barcrawl [33] . PCR cycle numbers were optimised for each sample and ranged between 27 and 33. Three PCR reactions from each sample were pooled and purified with the AMPure kit (Beckman Coulter, Brea, USA). Template-free negative controls were included in each PCR run. Concentrations of purified PCR products were established with a Qubit fluorometer (Thermo-Fisher, Waltham, USA), and equal amounts of DNA from each sample were pooled to provide a single pooled sample that was purified with Jetquick PCR Product Purification Spin Kit (Genomed, Löhne, Germany). Amplicon sequencing was performed on a PSII system (Pacific Biosciences, Menlo Park, USA) by SciLifeLab (Uppsala Genome Centre, Sweden) using 16 SMRT cells. Sequence data are archived at the Sequence Read Archive (www.ncbi.nlm.nih.gov/sra) with accession number SRP132058.
Sequences were filtered and clustered using the SCATA pipeline (http://scata.mykopat.slu.se). Sequences were filtered for quality, removing data with an average quality score below 20 or with a score below 3 at any position, screened for primers (90% sequence similarity required) and sample identifying tags and complementary reversed when necessary. The sequences were then compared for similarity, using USEARCH [34] . Pairwise alignments were scored with equal penalty for mismatch and gaps. Homopolymers were collapsed to 3 bp before alignment. Sequences were clustered into species hypotheses (SHs) [35] by single linkage clustering, with a 1.5% maximum distance allowed for sequences to enter clusters.
To make careful manual annotation practically manageable, only SHs with more than 20 reads (491 out of a total of 1922) were assessed for identification. The most abundant sequence in each SH was used as a representative (after restoration of homopolymers). Representative sequences were compared against the UNITE and INSD databases [35] using the BLASTn massblaster in PlutoF [36] for taxonomic and functional annotation. Plant sequences were removed from the dataset. SHs were assigned to functional guilds according to Table 2 , either based on taxonomic identity or depending on the origin (living roots or leaf litter) of closely related (>97% similarity) sequences in the reference databases. For each sample, the relative abundance of each fungal guild was calculated as the ratio between the added number of reads of all SHs in the guild and the total number of reads (with unidentified SHs included but plants and singletons excluded). A list of species hypotheses (Database S1) and a species hypothesis vs. sample matrix (Database S2) are supplemented, as well as species accumulation curves produced in R using the package Vegan (Fig. S1 ).
Ergosterol analysis
Fungal biomass was assessed in each layer of each plot by extracting the fungal biomarker ergosterol from approximately 75 mg dried and milled material with 4 ml 10% KOH in methanol [37] . Extracted ergosterol was transferred to a cyclohexane phase, which was evaporated. Residues were dissolved in 500 µl methanol, filtered (0.5 ml, 0.45 μm PTFE syringe filter, Millex LCR-4; Millipore, Billerica, USA) and separated on a reversed-phase column (Nova-Pak C18, 3.9 × 150 mm, Waters Corporation, Milford, USA), preceded by a guard column (Nova-Pak C18, 3.9 × 22 mm) in a HPLC system (WatersTM 717 plus Auto sampler, WatersTM 600 Controller, WatersTM 996 Photodiode Array Detector) with a flow rate of 1 ml min −1 . The ergosterol peak was detected at 282 nm.
Enzyme activity analyses
Potential activities of six extracellular enzymes involved in soil C and nutrient cycling [38] were assayed on thawed material collected in 2013 (4 years after trenching) from each of the six layers of each plot. Activities of cellobiohydrolase, β-glucosidase, chitobiohydrolase and N-acetyl-glucosaminidase were assessed via the hydrolysis of 4-methylumbelliferyl β-Dcellobioside, 4-methylumbelliferyl β-D-glucopyranoside, 4-methylumbelliferyl β-D-N,N'-diacetylchitobioside and 4-methylumbelliferyl N-acetyl-β-D-glucosaminide, respectively. Organic materials were added to sodium acetate buffer (50 mM, pH 5) in the proportion 1 g of organic matter to 1 l of buffer, and the suspension was mixed with a mixer (Ultra-Turrax, IKA, Staufen, Germany) for 2 minutes. For each enzyme, a 200 μl sample aliquot (pipetted during continuous stirring) was added to 50 μl of fluorogenic substrate (dissolved in buffer). After incubation for 1 h, 10 μl 1 M NaOH was added to stop the reaction, and after an additional 10 minutes, fluorescence was measured (excitation wavelength 365 nm, excitation slit 2.5, emission wavelength 450 nm and emission slit 2.5) on a LS 50B Fluorescence Spectrometer (PerkinElmer, Waltham, USA) and related to 4-methylumbelliferone standards. To analyze peroxidase and laccase activity, 0.5 g of fragmented/humus material or 0.05-0.15 g of litter was mixed with 50 ml sodium acetate buffer, finely fragmented with a mixer (Ultra-Turrax) for two minutes and centrifuged at 10,000×g for 10 min. Peroxidase activity was assessed via the oxidative coupling of 3-(dimethylamino)benzoic acid (DMAB) and 3-methyl-2-benzothiazolinone hydrazone (MBTH) in the presence of Mn 2+ and H 2 O 2 . A 50 μl aliquot of extract was added to 150 μl of reaction solution (50 mM DMAB, 1 mM MBTH, 1 mM MnSO 4 , 100 mM sodium lactate, 100 mM sodium succinate, 67 µM H 2 O 2 , pH 4.5). Enzyme activities were estimated by regression of absorbance at 590 nm in a SpectraMax Plus 384 Microplate Reader (Molecular Devices, Sunnyvale, CA, USA) against time. Mn-peroxidase activity was estimated by subtracting the activity with MnSO 4 substituted for 2 mM ethylenediaminetetraacetic acid (EDTA). Laccase activity was estimated by adding 100 μl of extract to 100 μl of reaction solution containing 50 mM 2,2'-azino-bis(3-ethylbenzothiazoline-6-sulphonic acid)(ABTS) in sodium acetate buffer. Enzyme activities were estimated by regression of absorbance at 420 nm against time. Boiled aliquots served as negative controls for all enzyme measurements. 
Statistics
Differences in ergosterol concentration, relative abundance of fungal guilds, enzyme activities and 15 N in organic soil samples were analysed by generalised linear mixed models. To test overall effects of trenching and layer, "treatment" (df = 1) and "layer" (df = 5) and their interaction (df = 5) were defined as fixed factors. To account for possible dependency between measures at different depths within individual plots, "layer" was treated as a repeated measure with "plot" as the subject and a first-order autocorrelation structure specified through random statements. The two sampling occasions were analysed separately. Satterthwaitetype degrees of freedom based on the Kenwood-Roger adjustment were used to calculate Wald F test statistics of the fixed factors, and results were evaluated using Tukey's adjustment for multiple comparisons with α = 0.05. Relative abundance data were arcsine transformed and enzyme activities log10 transformed prior to analysis. Effects of trenching and incubation time on weight loss and δ 15 N of litter bag materials were analysed in a model specifying treatment (df = 1), time (df = 1), and their interaction (df = 1) as fixed factors. All statistical models were run using the GLIMMIX procedure in the SAS 9.3 package (Statistical Analysis System Institute, Cary, NC, USA). Effects of trenching on parameters across the entire mor layer were assessed based on mass-weighted averages of measurements in individual horizons.
Results
The total number of reads passing quality control was 177479 (59% of total sequencing output). Removal of nonfungal sequences left 144076 sequences (81% of high quality sequences), which clustered into 1922 local species hypotheses (SHs), of which 491 SHs (with >20 sequences) were assessed for taxonomic affiliation and 330 SHs (97853 sequences; 68% of fungal sequences) were assigned to known functional guilds (Table 2 ; Database S1). On average, fungal communities were represented by 833 reads per sample, ranging from 90 to 2737 (Database S2).
Different functional guilds of fungi occupied distinct vertical layers in the organic horizon (Fig. 2, Table 3 ), and this pattern was reflected in diverging activities of extracellular enzymes along depth profiles (Fig. 3, Table 3 ). Hydrolytic enzymes involved in decomposition of cellulose (Fig. 3a, b) and chitin (Fig. 3c, d ), as well as phenol oxidising laccases (Fig. 3e) , were most active in the surface litter, corresponding to the distribution of DNA-markers for saprotrophic Agaricomycetes and litter ascomycetes. In the deeper, more decomposed mor layer, where ectomycorrhizal fungi and other root-associated fungi dominated, activities of hydrolytic enzymes declined. In contrast, Mnperoxidase activity remained high (in non-trenched controls; Fig. 3f ), indicating a gradual transition with depth from hydrolysis to oxidation as the principal mechanism of decomposition.
Trenching increased mass loss of introduced needle litter significantly by 11% (Fig. 4a, Table 4 ). The δ 15 N values of introduced litter were significantly higher, on average by 1.2‰, in trenched plots but did not change significantly with increasing incubation time (Fig. 4b, Table 4 ).
One year after trenching, there was no significant effect on fungal biomass (ergosterol) ( Fig. 3g; Table 3 ). The relative abundance of ectomycorrhizal DNA-markers was significantly decreased, whereas relative abundances of yeasts and moulds, as well as litter ascomycetes, were elevated. The relative abundance and vertical distribution of saprotrophic Agaricomycetes was not significantly affected by trenching ( Fig. 2a; Table 3 ).
Four years after trenching, total fungal biomass (ergosterol) in the mor layer had decreased by 62% (Fig. 3h,  Table 3 ), and the relative abundance of DNA-markers attributed to ectomycorrhizal species had decreased by 84% (from 17% to 3%) (Fig. 2b, Table 3 ). The only other significant change in fungal functional guilds was a 35% increase in the relative abundance of moulds and yeasts in trenched plots, but this relative increase was counterbalanced by the overall decrease in fungal biomass. Notably, after 4 years, trenching led to an almost complete loss of Mn-peroxidase activity in the mor layer (Fig. 3f) and significantly decreased activities of enzymes involved in chitin degradation, as well as cellulose degrading cellobiohydrolases, but had no significant effect on β-glucosidases and laccases (Fig. 3, Table 3 ).
Four years after root exclusion the total organic stocks in the mor layer were on average lower in trenched plots (3.0 ± 0.3 kg/m 2 ) than in control plots (3.8 ± 0.4 kg/m 2 ), but the difference was not statistically significant (P = 0.1). We found no significant (P = 0.2) differences in soil moisture (13 ± 4% VWC in the trenched plots compared to 17 ± 7 % VWC in control plots) and similar soil temperatures (8.3 ± 0.4°C in trenched plots compared to 8.7 ± 0.1°C in control plots).
Discussion
Trenching was successful in specifically excluding the ectomycorrhizal component of the fungal community, as indicated by the decline in fungal biomass 4 years after trenching (Fig. 3h ) combined with radically decreased abundance of ectomycorrhizal DNA-markers (Fig. 2b) . However, 1 year after trenching fungal biomass was similar to controls, and opportunistic taxa and litter-associated ascomycetes had proliferated, presumably in response to the enrichment disturbance associated with death of roots and mycorrhizal mycelium (Fig. 2a) . This finding is consistent with previously observed short-term (2 weeks) responses to root severing [39] . Presumably, opportunistic decomposition of 15 N enriched mycorrhizal mycelium deeper in the profile (Fig. 2i) [40, 41] and concomitant mineralisation made N available for uptake and upward redistribution. Release and redistribution of N from dead mycorrhizal mycelium is in agreement with the elevated 15 N abundance in surface litter incubated in trenched plots (Fig. 4b ) and in line with previous observations of 15 N enrichment in undergrowth vegetation after girdling of boreal forest trees [25] .
Trenching stimulated decomposition in the uppermost litter layer (Fig. 4a) , confirming the 'Gadgil hypothesis'. Due to the low N content of freshly deposited needle litter, saprotrophs depend on upward reallocation of N to maintain high colonisation and decomposition rates [24] , and faster litter decomposition after trenching supports the idea that, under normal circumstances, ectomycorrhizal fungi supress litter decomposition by competing with saprotrophs for N [1, [3] [4] [5] [6] 12] . This result also agrees with the idea that ectomycorrhizal fungi may aggravate N-limitation of other organisms in boreal forest soils by retaining N in their extensive mycelia [6, 42] .
Ectomycorrhizal fungi have been hypothesised to constrain downward proliferation of saprotrophic fungi by antagonistic interactions [6, 20, 21, 26, 43] . In the present study, contrary to our expectations, saprotrophic Agaricomycetes were consistently limited to the upper layers, and their vertical distribution was unaltered by impeded ectomycorrhizal competition (Fig. 2) , indicating that ectomycorrhizal fungi did not impose any major constraint on Significant values (P < 0.05) are presented in bold and the direction of response is indicated in parenthesis. Degrees of freedom (df) for F values are given as subscripts (effect, error) after each F value the realised niche of the saprotrophs. This result contradicts previous observations of increased abundance of saprotrophic Agaricomycetes after clear-cutting of boreal pine forests [26] or under more nutrient rich conditions [6] . Here, the shallow distribution of litter saprotrophs rather seemed to reflect a limited fundamental niche. Saprotrophic colonisation of more decomposed organic matter may be restricted by a low energy return of decomposition, as indicated by the decreasing ratio between energy providing cellulose decomposition (Fig. 3a, b) and energy demanding oxidation (Fig. 3f) at greater soil depth. Laboratory studies have shown that saprotrophs may leave potentially usable, well-decomposed organic matter in the presence of freshly deposited litter [24] . Another possibility is that deeper proliferation of litter saprotrophs after trenching was hindered by other functional guilds, e.g., root ascomycetes associated with field layer vegetation.
We analysed enzyme activities to target the long-term turnover of organic matter at later stages of decomposition, and the most obvious effect of removing roots and associated ectomycorrhizal fungi was a drastic decline in Mnperoxidase activity in the mor layer (Fig. 3f) . Mnperoxidase activity in the mor layer was previously identified as a principal predictor of below-ground organic matter accumulation in a boreal forest [6] . Further, in an inventory of >2000 forest plots across Sweden, extractable manganese was singled out as the best (negative) predictor of organic stocks in the mor layer, overshadowing other chemical, climatic and biological parameters [44] . These studies highlight the importance of Mn-dependent processes for overall organic matter dynamics in boreal forest soils. The capacity of ectomycorrhizal fungi to exploit organic matter has been questioned due to lack of solid empirical evidence [45] , and the general trend is that ectomycorrhizal fungi have lost their genetic capacity to decompose plant litter during their evolution from saprotrophic ancestors [27, 28] . Here we provide evidence from a manipulative field experiment in boreal forest, suggesting that Mn-dependent Fig. 3 Depth profiles of activities of selected extracellular enzymes involved in organic matter decomposition (a-f) 4 years after root disruption by trenching (broken lines) and in non-trenched control plots (solid lines) and ergosterol concentration as a proxy for fungal biomass (g-h) one and 4 years after trenching in the litter layer and mor layers of a boreal forest. All data are means ± SE, n = 7-8 (in g, h, n = 3-8). 15 N relative abundance (i) was measured 1 year after trenching without a significant treatment effect (treatments merged, n = 16) oxidation of the large pool of organic matter in the mor layer was driven primarily by root-derived energy inputs to ectomycorrhizal fungi. The reduced activities of chitinolytic enzymes after trenching (Fig. 3c,d ) could further indicate an active role of ectomycorrhizal fungi in decomposition of fungal necromass (c.f. [9] ), but could also be an effect of the over-all decline in fungal biomass.
The idea that ectomycorrhizal fungi may play a central role as facilitators of decomposition was put forward more than a century ago during the initial description of the symbiosis [46] . Recently, spectroscopic analyses have supported biochemical alteration of soil-derived organic compounds exposed to pure cultures of ectomycorrhizal fungi [47] . Field studies have previously suggested a central role of ectomycorrhizal fungi in organic matter dynamics, as DNA-based analyses indicate strong dominance of rootassociated fungi over saprotrophs in the mor layers of boreal forests [14, 20] . Mn-peroxidases are extracellular enzymes that have evolved uniquely within the Agaricomycetes [18] , including some ectomycorrhizal taxa [48] , and play a pivotal role in decomposition of lignin and other phenol-rich macromolecules [49] . On the basis of genetic evidence, gene expression in field samples and spatial correlation between enzyme activity and DNA-markers, it was earlier proposed that production of Mn-peroxidases by certain ectomycorrhizal fungi would enable them to participate actively in mor decomposition in boreal forests [26, 50] .
Ectomycorrhizal fungi have been proposed to exploit organic matter in a manner fundamentally different to freeliving saprotrophs, primarily as a source of N rather than metabolic C [51] . Here, high activities of cellulolytic enzymes were only observed in fresh litter components close to the surface (Fig. 3a, b) , where saprotrophs are known to depend on enzymatic release of glucose and other compounds to support their metabolic demand [52] . In the mor layer, where root-associated fungi dominated (Fig. 2) , activities of hydrolytic enzymes were low, regardless of trenching, supporting the conventionally accepted view that mycorrhizal fungi have little saprotrophic capacity (i.e. metabolism based on dead organic matter; [27, 28] ). However, we here show that production of Mn-peroxidases may, nevertheless, enable some ectomycorrhizal fungi to play an active role in oxidation of organic matter, while remaining dependent on their biotrophic association with plants for their C supply. Oxidation of complex aromatic macromolecules has been described as a co-metabolic process, involving a net energetic cost for the fungi [53] . With access to host-derived sugars, mycorrhizal fungi would be well suited to perform co-metabolic oxidation of complex, humified organic matter, potentially enabling mobilisation of N sequestered in non-hydrolysable organic complexes [50, 54] . It is, however, important to acknowledge that not all ectomycorrhizal taxa are capable of organic matter oxidation [45] . The genetic capacity to produce Mnperoxidases appears to be limited to certain evolutionary clades of ectomycorrhizal fungi [27] , in particular, the genus Cortinarius [50] . Cortinarius is a highly diverse and ubiquitous mycorrhizal fungal genus in most boreal forests [17] , and high abundance of these fungi has been found to correlate negatively with soil C stocks [10] . In the present study, the genus Cortinarius accounted for 27% of the ectomycorrhizal species and 9% of the ectomycorrhizal DNA pool in the mor layer of the control plots. Four years of trenching led to a 76% decrease in the relative abundance of Cortinarius amplicons in the mor layer.
In conclusion, we found that roots and associated mycorrhizal fungi hampered litter decomposition by constraining availability of N to saprotrophs. The results clearly support the 'Gadgil effect' (i.e., enhanced decomposition after removal of competing mycorrhizal fungi) in a boreal forest and its underlying mechanism. However, saprotrophs did not exploit the empty niche in the deeper organic layers left by mycorrhizal fungi after trenching, confining the 'Gadgil effect' to the surface litter. We propose that saprotrophs were unable to exploit these well decomposed substrates due to a low energy return of decomposition of material with low proportion of hydrolysable compounds, leading to accumulation of organic matter. Decomposition of deeper material is more important than decomposition of surface litter in regulating below-ground storage of organic matter [6, 14] . Since the 'Gadgil effect' here was limited to the uppermost litter layer, its importance for the over-all below-ground C sink may be questioned for this system.
In addition, we found experimental evidence for a driving role of ectomycorrhizal fungi in enzymatic oxidation of organic matter at later stages of decomposition. We propose that this process releases N for the benefit of the fungi and their host plants, but the extent to which enzymatic oxidation leads to N release or C solubilisation remains to be investigated. From this study, we cannot draw any conclusions about the overall effect of trenching on decomposition in the mor layer, since the disturbance not only affected C-losses but also disrupted below-ground C input via root litter. Four years of root exclusion had no significant net effect on total C stocks in the mor layer. We postulate that ectomycorrhizal fungi may either hamper or stimulate decomposition by different mechanisms, depending upon stage of decomposition and location in the soil profile.
